The lattice mismatch between AlGaN and AlN substrates limits the design and efficiency of UV LEDs, but it can be mitigated by the co-incorporation of boron. We employ hybrid density functional theory to investigate the thermodynamic, structural, and electronic properties of BAlGaN alloys. We show that BAlGaN can lattice match AlN with band gaps that match AlGaN of the same gallium content. We predict that BAlGaN emits transverse-electric polarized for gallium content of ~45% or more. Our results indicate that BAlGaN alloys are promising materials for higher efficiency UV optoelectronic devices on bulk AlN substrates.
Main Text
The efficient generation of UV light is useful in many technological applications, including sensing and measurement of inks and markers, protein analysis and DNA sequencing, UV curing of resins and solvent-free printer ink, and, most importantly, disinfection and sterilization. 1, 2) AlGaN-based LEDs are the most promising semiconducting UV generation technology due to their wide emission spectrum range (from 6.2 eV for AlN to 3.4 eV for GaN), relatively high-efficiency emission of light, ability to be doped n-and p-type, robust mechanical properties, and lack of toxic elements.
2) Current UV generation technology uses mercury-based lamps, 3) but the Minamata Convention on Mercury 4) has over 100 nations pledged to phase out mercury-based technologies.
However, the efficiency of AlGaN-based UV LEDs is still hampered by multiple material issues. Of note, light extraction becomes less efficient for high Al-content LEDs, as the polarization of emitted light switches from transverse electric (TE) (emitted preferentially along the c direction) to transverse magnetic (TM) polarization (emitted preferentially within the c-plane) above 68% Al for 3 nm Al x Ga 1-x N quantum wells. 5, 6) Also, threading dislocation densities (TDD) higher than 10 9 cm -2 are highly detrimental to device efficiency and lifetime. 7, 8) The standard, most cost-effective substrate sapphire produces TDDs of 2×10 9 -10 10 cm -2 , while more complex growth processes such as patterned overgrowth or pulsed growth techniques can reduce the TDD to as low as mid- Previous theoretical and experimental work on BAlGaN alloys is rather limited.
Park and Ahn performed theoretical studies on wurtzite BAlGaN alloys for UV LEDs using multi-band effective mass theory. [13] [14] [15] [16] [17] They reported a significant increase in TEpolarized spontaneous emission due to a decrease in lattice mismatch between the quantum well and the AlN substrate, and a decrease in the internal field of the well for low Al content (20%). 13, 14) They also reported a decrease in TE-polarized emission with boron addition at high Al content due to a shifting of valence band characteristic from heavy hole to crystal field split-off band. 13) The only experimental exploration of the BAlGaN alloy series was performed by Takano et al., [18] [19] [20] who grew BAlGaN/AlN structures with estimated alloy compositions up to 13% boron using low pressure metalorganic vapor phase epitaxy (1170 °C, 50 mbar) upon SiC substrates. They noted an increase in photoluminescence (PL) with decreased lattice mismatch from AlN, measuring low-temperature PL at 245-250 nm from alloys with 5% boron and roomtemperature PL at 260 nm from alloys with 2% boron. However, there has not been a first-principles study of the native properties of BAlGaN alloys.
In this work we explore the thermodynamic, structural, and electronic properties of statistically random quaternary BAlGaN alloys using hybrid-functional DFT. A boron-togallium co-alloying ratio of ~1:8 is sufficient to nearly lattice match the alloy to AlN along the a direction. Co-alloying with boron and gallium slightly lowers the enthalpy of mixing while greatly increasing configurational entropy. Boron is easily incorporated at the studied concentrations (up to 7.4%). Additionally, replacement of aluminum with boron has negligible effect on the band gap, allowing these alloys to be used in place of AlGaN alloys with an equal fraction of Ga. We predict that BAlGaN alloys maintain favorable TE light polarization for gallium content of 45% or more when grown upon
AlN. Our results demonstrate that BAlGaN alloys are promising active-region materials for efficient UV nitride optoelectronic devices.
We performed DFT calculations based on the projector augmented wave (PAW) method, 21, 22) as implemented in the Vienna Ab initio Simulation Package (VASP). [23] [24] [25] [26] The GW-compatible pseudopotentials including 3, 3, 13, and 5 valence electrons were employed for B, Al, Ga, and N, respectively, with a 600 eV plane-wave cutoff. Structural relaxations were performed using the optB86b-vdW functional 27) and a Γ-centered Our thermodynamic analysis shows that the BAlGaN alloys studied are thermodynamically favorable to form at significantly lower temperatures than BGaN and BAlN alloys. The transition temperature between the solid-solution and the miscibilitygap regimes was calculated as a function of composition, T(x) = ΔH(x)/S, where the enthalpy of mixing, ΔH, is the total energy difference between the alloy and the linear combination of the binary compounds that match the composition, and the entropy ! is evaluated using the regular solution model, 37) and estimated by the experimental review of Kadys et al., 38) but lower than the range calculated by Jiang et al. 39) Since gallium content controls the band gap in the relevant composition range of these alloys, knowledge of experimental AlGaN band gaps allows for easy selection of BAlGaN alloys with the same band gap, although corrections need to be applied for the band-gap shift due to strain in epitaxially strained layers. Small quantities of boron can act to substantially raise the heavy-hole band relative to the crystal-field split-off band in unstrained group-III nitrides. We predict that latticematched BAlGaN alloys emit TE-polarized up to 55% Al, as opposed to ~40% Al for unstrained AlGaN. This is in good agreement with existing literature using multiband effective mass theory. 13) However, strain and quantum confinement both act to raise the heavy-hole band in Al 1-x Ga x N, 42) allowing strained Al 1-x Ga x N quantum wells on AlN substrates to emit TE polarized light up to ~85% Al. 42) We also calculated the piezoelectric coefficients (ε 33 and ε 31 ) and spontaneous polarization (P S ) values for the BAlGaN alloy series. The values for AlN, GaN, and BN as calculated using the methods listed in this paper are shown in Table I . There is good agreement between our results and previous work on the spontaneous polarization constant, but discrepancies exist for the piezoelectric coefficients for GaN and BN: we find smaller values for GaN and larger values for BN than the previous work by Dreyer et al., 43, 44) who used the hybrid HSE functional and likely found more accurate values. The values reported in this work do show strong agreement with previous calculations using a different GGA functional performed by Zoroddu et al. 45) However, calculations with the more accurate HSE functional are prohibitively expensive for the larger alloy systems studied here. Thus, the properties for some alloys and the binary compounds are provided in Table II LEDs. 46) However, further work is necessary to fully access the piezoelectric properties of BAlGaN alloys.
In conclusion, we studied the effect of co-alloying boron and gallium into AlN on its thermodynamic, structural, and electronic properties using first-principles calculations.
We find that partial replacement of aluminum by single-digit percent boron in AlGaN alloys has negligible effect on the band gap, and causes a large reduction in the a lattice Tables   Table I. Spontaneous polarization (P S ) , and piezoelectric coefficients for AlN, GaN, and BN calculated using PBE with vdW-relaxed structures and the hexagonal reference structure. Compared to literature values (a) using HSE by Dreyer et al.
for BN 43) (with sign error on P S corrected) and for GaN and AlN, 44) and (b) using GGA (PW91) by Zoroddu et al. 45) Close agreement is achieved for the spontaneous polarization values, and approximate agreement for the piezoelectric coefficients.
Values predicted are smaller for GaN and larger for BN than those predicted by Dreyer. Note: the shown piezoelectric constants are the "proper" constants as defined by Dreyer et al. 44) This work (all in C/m 2 ) Literature (all in C/m 2 ) 
where the bowing parameters are b B-Ga = 0.006278, b Ga-Al = 0.002642, and b B-Al = -0.002892. If including a three-component bowing term C: 
